A quantum optical approach is proposed and analyzed as a solution to the problem of detecting weak coherent radiation in the presence of a strong incoherent background. The approach is based on the extreme sensitivity of laser dynamical nonlinearities to the coherence of external perturbation. This sensitivity leads to dynamical phase transitions that may be employed for detecting the presence of external coherent radiation. Of particular interest are the transitions between stable and chaotic states of laser operation. Using a baseline scheme consisting of a detector laser operating with a Fabry-Perot cavity, we demonstrated significant qualitative and quantitative differences in the response of the detector laser to the intensity and coherence of the external signal. Bifurcation analysis revealed that considerable modification to the extension of chaotic regions is possible by tailoring active medium and optical resonator configurations. Our calculations showed that with semiconductor lasers, destabilization can occur with a coherent external signal intensity that is over six orders of magnitude smaller than the detector laser's intracavity intensity. Discrimination between coherent and incoherent external signal also looks promising because of the over four orders of magnitude difference in intensity required for inducing chaos-like behavior. These results suggest that the proposed approach may be useful in laser sensor applications, such as satellite Laser Threat Warning Receivers (LTWR). 
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I. Introduction
The underlying challenge of developing laser sensors, for applications such as satellite laser threat warning receivers (LTWR), is the requirement to detect a weak coherent signal in the presence of a strong incoherent background. Present attempts to discriminate between signal and noise involve classical approaches using spatial or temporal coherence. Demanding mission requirements make the engineering of these passive detection systems very difficult. Largely unexplored are quantum optical solutions.
In this LDRD project, we proposed and analyzed a quantum optical approach based on the extreme sensitivity of laser dynamical nonlinearities to external perturbation coherence. The approach uses an experimental setup that is very similar to heterodyne detection. An important difference is that the mixing of the signal and reference beams occurs inside instead of outside the local oscillator (see Fig. 1 ). With intracavity mixing, we change entirely the character of the detection mechanism. Owing to the dynamical nonlinearities arising from the coupling between optical resonator and active medium, the possibility exists that a very low intensity (<10 -6 of intracavity intensity) and detuned coherent light injection can induce a laser to cross bifurcation boundaries separating stable from chaotic operation, whereas even a much stronger incoherent injected signal is unable to do so. The primary goal of this one-year study was to understand the physics sufficiently well to determine the viability of our scheme for LTWR applications. Among the many questions that should be answered, the most important is the detectable signal strength and achievable detection bandwidth. For engineering implementation, one needs to also consider the controllability of the bifurcation conditions, and the practicality of engineering the detector laser.
To address the above questions, we first review past research relevant to our problem (Sec. II). Section III describes the theoretical model used in the investigation. With this model, we performed global mapping calculations that identify regions of steady state or continuous-wave (cw), oscillatory, and chaotic operation. Bifurcation maps for the noiseless case are presented in Sec. IV, together with a discussion of the details of the transitions between dynamical regions for different experimental conditions. Section V describes the effect of noise in the external signal or detector laser.
II. Review of external-signal-induced laser dynamics
Nonlinear dynamics of laser systems is a very active research field. For the last two decades, the focus has been on understanding instabilities in the widely-used semiconductor lasers. A typical free-running semiconductor laser is a dynamically stable system, capable only of damped periodic oscillation (relaxation oscillation). However, this can change drastically when the laser is coupled to another laser or subjected to a stimulus, such as optical injection or external optical feedback. In these cases, semiconductor lasers have been shown to undergo a number of bifurcations, leading to periodic, quasiperiodic, and chaotic oscillations.
Much effort has been devoted to researching the bifurcations and ensuing complicated dynamics in semiconductor lasers with external perturbations [1] [2] [3] . It is well established that the laser response to an external optical signal strongly depends on the linewidth-enhancement factor α 4-8 , which quantifies the extent the carrier-induced refractive index change affects the laser linewidth and lateral mode structure. However, other aspects of externally perturbed laser dynamics are less well understood. For example, some studies suggested that quantities such as the photon and carrier decay rates, differential gain and mode confinement factor have less influence on semiconductor-laser dynamics than α 6-7 , while others reported strong dependence of coupled-semiconductor-laser dynamics on the ratio of carrier and cavity decay rates 8 . Furthermore, while there are reports on the influence of fluctuations (incoherence) in the external optical field on laser instabilities 9 , a more in-depth understanding is necessary for us to make a decision on the applicability of our LTWR scheme.
III. Rate equation model
The detector laser is treated semiclassically, i.e., with Maxwell's equation describing the intracavity laser field and Schrodinger equation describing the gain medium. Additionally, it is assumed that relaxation rates are such that the active-medium polarization adiabatically follows the variations in the intracavity electric field and population inversion, with the carrier population described by quasiequilibrium distributions. Under these conditions, the complex intracavity-field amplitude, E and the population density, N evolve in time according to,
In the above equations, the effects of external signal are taken into account by the terms containing the external signal amplitude E i . Also, the phase of E is referenced to that of external signal, Δ is the detuning between injected and free-running laser central frequencies, Γ is the confinement factor, ξ is the differential gain at threshold carrier density, α is the linewidth enhancement factor, Λ is the pump rate, γ E and γ N are the photon and population decay rates, respectively, c is the speed of light in vacuum and n b is the background refractive index. The threshold carrier density and local gain in the free-running detector laser are given by where N tr is the transparency carrier density. The effects of noise are represented by the Gaussian random variable, with where ν is the lasing frequency, C sp is the fraction of spontaneous emission contributing to the lasing mode. To describe phase noise in the external signal, we allow for a fluctuating external signal phase φ i (t) with time derivative where With the above description, the resulting power spectrum of the external signal is a Lorentzian with a full width at half maximum of D φ /π. 
IV. Detection dynamics (noiseless case)
In this section, we describe the influence of the external signal on detector laser dynamics for two distinct detector laser configurations. In order to first understand intrinsic behavior, we neglect the noise contributions by setting C sp = D φ = 0. The results are summarized in bifurcation diagrams, presented for the two-dimensional plane of external signal intensity and detuning between external signal and detector laser frequencies. When either the external intensity or detuning is varied, qualitative changes in the lasing solutions indicate bifurcations. In the bifurcation diagrams, bifurcations curves divide the two-dimensional plane into regions of distinctly different dynamical behaviors and provide information on the sensitivity of the detector laser to signal intensity and detuning. Table 1 lists the values for the parameters characterizing Lasers A and B. The values are chosen so that between the two lasers, there is a factor of 2 difference in population decay rates and a factor of 10 difference in cavity decay rate. Figure 2 shows the bifurcation diagrams with both lasers operating at twice above threshold. A stable fixed point in the solutions of the system equations corresponds to phase locking of the laser field to the external signal. One stable fixed point exists in the shaded region bounded by the saddle-node S and Hopf H bifurcation curves, which become tangent at the saddle-node-Hopf point G. Outside the shaded region one finds interesting solutions corresponding to periodic orbits of various periods, quasiperiodic tori, and chaotic attractors, all of which describe oscillating detector laser intensity. These intensity oscillations are periodic with frequency Δ near-zero signal intensity. With increasing signal intensity, a number of instabilities and complicated nonlinear dynamics appear before locking is reached at either the Hopf bifurcation H or saddle-node bifurcation S. Detailed bifurcation structures leading to complicated dynamics and chaos are discussed elsewhere 3 . In Fig. 2 , only the period-doubling (PD) bifurcation curves are plotted. They indicate a typical instability involving periodic orbit of basic period and provide identification of regions of complicated dynamics in the system. Figures 2(a) and 2(b) indicate that externally induced instabilities occur at roughly the same detuning values in the two lasers. However, in terms of the external-signal intensity, there are two aspects involving significant differences. One aspect is the striking quantitative difference in the external-signal intensity required to trigger laser instabilities and to achieve locking. Instabilities in laser A are triggered by an externalsignal intensity that is almost 10⁶ times lower than that required in laser B. Also, laser A requires less external-signal intensity to achieve locking over a wide range of detuning. The second aspect is the difference in the type of the dynamics induced by the external signal. Regions of complicated dynamics are appreciably smaller for laser B. Furthermore, laser B appears to have very few instabilities and no chaotic dynamics. In contrast, laser A undergoes a number of instabilities and shows a rich display of complicated and chaotic oscillations. This is illustrated in Fig. 3 , where we plot the maxima of the oscillating laser intensity versus external-signal intensity for a fixed detuning. Note that periodic orbit of a basic period has one maximum and periodic orbit of twice the basic period born in the period-doubling bifurcation has two maxima. Perioddoubling bifurcation is indicated in Fig. 3 by the splitting of the single-maximum curve. Subsequent splitting, found in laser A, corresponds to subsequent steps in the perioddoubling cascade leading to regions of complicated and chaotic oscillations, with windows of periodic dynamics. Clearly, laser A exhibits more complicated dynamics and stronger intensity oscillations than laser B, even in the presence of almost six orders of magnitude smaller external-signal intensity 
A. Effects of active medium and optical resonator
B. Effects of pump current
At twice the lasing threshold, the intracavity field intensities in lasers A and B are 41 kW/cm 2 and 560 kW/cm², respectively. In the case of laser A (B), this is approximately 10⁷ (10²) times more than the external-signal intensity required to trigger perioddoubling bifurcation. In terms of maximizing detector sensitivity, Laser A is obviously the stronger candidate. Hence, we focus on its performance in this subsection, where the effects of changing the pump rate is investigated. Figure 4 plots the bifurcation diagrams of Laser A operating just below threshold and at 1.2 and 6 times above threshold. At just below the lasing threshold [ Fig. 4 (a) ], the detector laser behaves as a bistable optical amplifier. In the Δ-I ext plane, the bistable region is bounded by two saddle-node bifurcation curves S. As the pump rate is increased to slightly above the lasing threshold, a number of qualitative changes takes place, resulting in a completely different bifurcation diagram [ Fig. 4 (b) ], that is characteristic of a semiconductor laser. The original bistable region is replaced by a locking region and bifurcation curves involving Hopf (H) bifurcation, period-doubling (PD) bifurcations. Details of the transition between Figs. 4 (a) and 4 (b) are very interesting from a bifurcation theory aspect and their physical relevance is discussed in Section V, in relation to the case of system dynamics in the presence of noise. Figure 4 (c) shows that when pump current is further increased, to as much as six times above threshold, no qualitative changes take place, but there are significant quantitative changes. Specifically, there is an increase in the detuning range where instabilities and chaos can occur, together with an increase in the external-signal intensity required for triggering instabilities and chaos. 
V. Detection dynamics (noisy case)
A. Sensitivity to background noise
This section describes the effects of fluctuation in the detector laser by setting the noise parameters, C sp =10 -5 and D φ = 0. A two-dimensional bifurcation analysis of the ordinary differential equations presented in Section III cannot be applied straightforwardly to the resulting stochastic differential equations. Instead, we have to focus on particular bifurcation transitions at fixed Δ and examine the power spectrum of the complex laser field amplitude E. Note that there exist various approaches to qualify nonlinear dynamics of noisy semiconductor lasers, and they include computations of time traces, Lyapunov exponents 7 and power spectrum. Our choice of the optical power spectrum is dictated by the fact that it provides a readily and widely used technique for qualifying dynamical output and instabilities in semiconductor laser experiments [10] [11] [12] [13] . Substantial sensitivity to the noise terms may already be seen in the power spectra of the free-running lasers, where there is a large central peak surrounded by smaller side peaks. The former is the lasing mode and the latter are from relaxation oscillation and its higher harmonics. Figures. 5 -7 depict the transition through a region of complicated and chaotic dynamics in the optically injected Laser A for Λ/Λ th = 1.2, 2, and 6. For comparison, we show in the left column of each figure the power spectra in the absence of noise. Focusing first on the noiseless case, we see that for external-signal intensities below the instability threshold, the power spectra consist of a peak at the injection-modified lasing frequency, a peak (detuned by Δ) at the injected field frequency, and a peak corresponding to its complex conjugate at -Δ, that is due to four-wave mixing. As the external-signal intensity increases, the detector laser undergoes period doubling bifurcation, which is accompanied by the appearance of additional peaks halfway between the above mentioned peaks [Figs. 5 (b1), 6 (c1) and 7 (c1) ]. Subsequent bifurcations lead to chaotic dynamics which manifests as a continuum of frequencies with no distinct spectral components (except for that of the injected field) The right columns of Figs. 5 -7 show the effects of noise, e.g., from spontaneous emission. As expected, the influence of noise is the strongest close to threshold and decreases with increasing excitation. For example, in Fig. 5 , which is for the low excitation of Λ/Λ th = 1.2, the spectra in the left and right columns are significantly different. The difference indicates that the effect of noise is the washing out the detectorlaser intensity peaks. Consequently, none of the bifurcations identified in the left column can be seen in the right column. However, noise effects involve more than the broadening of intensity peaks. Figure 6 shows that for Λ/Λ th = 2, wave mixing can also result in the creation of satellite resonances [ Fig. 6 (a2) and (b2) ]. At higher external-signal intensity, period-doubling bifurcation becomes noticeable. Figure 7 for Λ/Λ th = 6 indicates that noise effects on externally-induced instabilities become less important when one operates the detector laser further above threshold. Note that many of the noisy spectra in Figs. 6 and 7 contain features that are absent in the noiseless ones. These include excitation of otherwise damped resonances such as RO [(a2) and (g2)], wave mixing (b2), and anticipation of imminent bifurcations (f2).
B. Sensitivity to external signal noise
This subsection describes the effects of noise in the external signal by introducing D φ > 0. Results are presented for Laser A operating with Λ/Λ th = 2. If the external signal coherence time, 1/D φ is much larger than the RO period of the detector laser, the detector laser field will adiabatically follow the external-signal fluctuations, and the net result is a smearing of the bifurcation boundaries, as may be seen by comparing Figs. 3 (a) and 8 (a). As the coherence time approaches the RO period, the phase fluctuations in the external signal interfere with the detector laser dynamics so that specific bifurcations can no longer be distinguished, but some features of the response to a coherent field remain, including the large-amplitude oscillations around I ext = 0.11 W/cm² (see Figs. 8 (b) and 8 (c) for D φ /π = 1 GHz and D φ /π = 10 GHz, respectively). With further decrease in coherence, any indication of coherent injection phenomenon vanishes, as is the case for D φ /π = 10³ GHz shown in Fig. 8 (d) . More information on the effects of external signal noise may be obtained from the detector laser spectrum. Figure 9 shows the spectra, where each column is for a given D φ , with D φ increasing from left to right. Each row is for a fixed I ext , with increasing I ext from top to bottom. In term of the power spectrum, all bifurcations found for the coherent external signal are also clearly distinguishable for D φ /π = 0.01 GHz [ Fig. 9 (a1)  -(a7) ]. For D φ /π = 1 GHz, the changes with increasing I ext are still noticeable, but the bifurcations are no longer distinguishable [ Fig. 9 (b1) -(b7) ]. For D φ /π = 10 GHz, most of the dynamical transitions shown in Figs. 9 (a1) -(a7) disappear and the system becomes less useful for detecting an external signal. This is because the spectrum evolves continuously from that of a noisy free-running laser to one showing a spectrally broad emission with broad peaks indicating the presence of the external signal and the injection-modified lasing mode [ Fig. 9 (c5) -(c7) ]. At D φ /π = 1000 GHz, there is completely no resemblance Figs. 9 (a1) -(a7). Figure 9 (d1) -(d4) indicate that for low I ext , external signal influence is similar to that of noise within the detector laser. For high I ext , Figs. 9 (d5) -(d7) show a broad single intensity peak with FWHM of few tens of GHz, which is much larger than that of the free-running detector laser and much smaller than that of the external signal.
VI. Conclusion
This report describes work performed for a LDRD project on a quantum optical approach to detecting weak coherent radiation in the presence of a strong incoherent background. The approach is based on the extreme sensitivity of laser dynamical nonlinearities to the coherence of external perturbation. An externally-induced dynamical phase transition, e.g., between stable and chaotic operation, may be used to indicate the presence of coherent radiation. Stimulations performed on a baseline scheme, consisting of a semiconductor laser operating with a Fabry-Perot resonator, gave the following results. 1) With laser light injection, chaos occurs at injected intensity that is 6 orders of magnitude smaller than the detector-laser intracavity intensity, thus showing extreme sensitivity of scheme to external coherent radiation. 2) To induce chaos with incoherent light requires greater than 4 orders of magnitude higher intensity compared to laser light injection, thus assuring good discrimination between coherent and incoherent perturbations. 3) Chaotic regions are readily modifiable by changing excitation level, gain structure or optical resonator configuration, thus allowing optimization for specific detection mission.
The above results indicate that the scheme has potential to be viable in remote sensing applications, such as satellite laser threat warning receivers. We strongly recommend proceeding with a proof-of-principle experiment.
Some concerns remained, the most important being the difficulty in achieving a broad detection bandwidth. We recommend a follow-on study to explore incorporating a photonic lattice into the basic scheme. With photonic-lattice frequency bands instead of discrete Fabry-Perot resonances, it may be possible to improve detection bandwidth.
In terms of the broader goal of creating a technological base for supporting long term interests in RSVP, we have made the first steps in laying a foundation. The 1-year LDRD project has allowed the physics participants to better appreciate the LTWR mission, and hopefully provided the engineering participants a better appreciation of the relevant quantum technology. Additionally, we demonstrated the capability to evaluate in a timely manner the viability of specific quantum technology for a specific Sandia mission. We enthusiastically argue for the continuation of the activity of seeking opportunities for infusion of recent quantum technologies to the RSVP area.
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